Electrical discharge machining removes electrically conductive material by means of rapid and repetitive spark discharges resulting from local explosion of a dielectric liquid. The electrical discharge machining has been widely used for cutting fine blanking tools which are made of especially hard tool steels. Whereas, its thermal nature causes great concerns regarding surface integrity, which matters a lot to tool life. In the present study, the evolution of surface integrity of the S390 and SKD11 with multi-cutting is comprehensively compared. The result shows that the surface roughness, white layer thickness and surface residual stress decrease with the increase of cutting pass. Compared to the finish trim cut surface of S390 sample, more pinholes and slightly larger craters were produced and the micro cracks could be found on the finish trim cut surface of SKD11 sample.
Introduction
Advances in technology have led to a wide use of engineering materials with high strength and hardness especially for fine blanking tools [1] . Many of these tools often involve extreme demands of the surface properties. Hence, quality and integrity of surface finish resulting from manufacturing processes have a significant impact on product performance. In machining such hardened materials, traditional manufacturing processes have been increasingly replaced with the advanced manufacturing process such as wire-cut electro-discharge machining, owing to the advantages of wire-cut electro-discharge machining by which even the high strength, low ductility material can be easily machined with high accuracy [2] [3] [4] . Electrical discharge machining removes electrically conductive material by means of rapid and repetitive spark discharges resulting from local explosion of a dielectric liquid. The electro discharge machining has been widely used for cutting fine blanking tools which are made of especially hard tool steels. Whereas, its thermal nature causes great concerns regarding surface integrity, which matters a lot to tool life cycle. Surface defects, such as recast layer, micro-cracks, and residual stress are the main concerns for most electro discharge machining manufacturing applications.
Thermal damage in main cut can be decreased by subsequent multiple trim cuts at reduced discharge energy. In spite of the efforts to develop new electro discharge machining technologies to obtain better surface state, the evolution of surface integrity of different tool steels undergo multi trim cuts by the same suit of parameters have been poorly understood. In the present study, a research focused on surface integrity including white layer, surface finish, residual stress and hardness changed with multi-cutting for two kinds of materials has been described. The evolution of surface integrity of the S390 and SKD11 with multi-cutting is comprehensively compared.
Experimental procedures and measure method
Powder metallurgical high speed tool steel, the S390 MICROCLEAN from Böhler Edelstahl GmbH & Co KG and smelt metallurgical tool steel, SKD11 from Daido Steel Co. Ltd. were selected to be machined with one main cut followed by 4 subsequent trim cuts. The chemical compositions are shown in Table 1 . Before cutting, the steels were quenched and then tempered three times to obtain high strength together with toughness. The physical and mechanical properties are shown in Table 2 . [5] 1600-1700 Hardness (HRC) 63 59
The samples were immersed in the dielectric liquid of de-ionized water, and wire-cut electro discharge machined with a diameter of 0.25 mm zinc coated brass wire. The experiments were conducted with an AGIE Excellence industrial machine using the expert system, which defined all the operating parameters, as shown in Table 3 . For S390 and SKD11, five samples for each material whose dimensions were 45 mm × 5 mm × 5 mm in length, width and thickness, were subjected to five cutting passes, respectively. Surface roughness (Ra) in the direction along the wire was measured using a Taylor Hobson Form Talysurf 5-120 with a 0.8 mm cut-off length and 4 mm evaluation length in accordance with standard practice. Residual stress measurements were performed in {211} martensite peak, which is localized at 2 156.2° when using Cr-K radiation ( =2.2897Å) and less affected by overlapping of other peaks, with a Proto iXRD machine. The cut surface was investigated by FEI Sirion 200 scanning electron microscope. Nano-indentation experiments were conducted using a Hysitron TriboScope nanomechanical testing instrument, TI 750 Ubi. A Berkovich indenter, which is a triangular pyramid, was used for nano-indentation testing.
Results and discussions

Surface topography
It is generally accepted that fatigue is a phenomenon always begins on the surface in various technological fields, therefore the surface integrity of the specimen is critical [7] .The surface topography characteristics of the samples of S390 and SKD11 are shown in Fig. 1 . From the surface characteristics, it could be observed that wire-cut electro discharge machining process produces much damage on the surface especially in the previous cuts. The first wirecut electro discharge machined surface ( Fig. 1 (a) and (e)) was characterized by a porous structure covered with craters, micro-cracks, voids and some irregular globules of debris due to the high heat energy released by discharges, followed by rapid cooling. Globule appendages are formed by molten metal droplets, which are expelled discretionarily during the discharge and recasted on the workpiece surface. They usually formed at the crater edges. Parts of these are only feebly bonded to the white layer. They are small, spherical in shape and bonded to the substrate either at one or two contact points [8] . As the trim cuts increased, the micro-cracks, voids and globules of debris decreased and diminished and a smoother surface was more pronounced. After the fourth trim cut an isotropic surface with regularly distributed crater was produced. Compared to the 4th finish trim cut surface of S390 sample, more pinholes and slightly larger craters were produced on the forth trim cut surface of SKD11 sample, which is shown in the Fig. 2 . Moreover, micro cracks were found in Fig. 2 . Dimensions of these globule debris and micro cracks were smaller relative to that of the main cut or rough trim cut surfaces, owing to the improvement of wire-cut electro discharge machining condition. However, there was no globule appendage or micro cracks but a few tiny voids on the finish cut surface of S390 samples. Fig. 3 shows the surface roughness of the machined samples of two materials, with the increase of the cutting pass, the surface roughness decreased. It is because the decrease of pulse energy leads to the reduction of the spherical debris which deteriorates the surface roughness, the reduction of the depth of the craters and rounding off among craters. For S390, compared to the main cut, average roughness is only slightly reduced by the first rough trim cut, while it is significantly reduced after subsequent trim cuts. Finally the surface roughness of multimachined S390 sample is better than that of SKD11. Fig. 2 . Surface topography of 4 th trim cut SKD11 sample. Fig. 3 . Effect of cutting passes on surface roughness.
(a) (b) (c) (d) (h) (g) (f) (e)
Subsurface microstructures
The wire-cut electro discharge machined surface usually is made up of three distinctive layers of white layer/recast layer, heat affected zone and unaffected parent metal [9] . The subsurface microstructures of main cut, rough trim cut and end finish cut are shown in Fig. 4 . In this study, the heat affected zone cannot be directly distinguished after etched using a 4 percent Nital solution. Since the white layer is the topmost layer exposed to the environment, it exerts a great influence on the surface properties of the workpiece [2] . The presence of microcracks that nearly penetrate the whole white layer caused by the high temperature gradient was discovered only in the main cut condition. With totally different from the forth trim cut, the white layers of main cut and the first trim cut were thicker and uneven. Because higher values of the pulse current and pulse-on duration not only increase the average white layer thickness, but also increase the variation in the thickness of the white layer. The white layer thicknesses shown in Fig. 5 were an average of about 25 readings with standard deviation, measured at various locations on different cross-sections of the specimen by scanning electron microscope. Compared with SKD11, white layers produced by four previous cuts are all thinner in average thickness. Nevertheless, the thickness of last finish cut is about 1 m for both materials. 
Residual stresses
Electro discharge machining generates residual stresses due to sharp temperature gradients and metallurgical transformations [8] . The strains generated by metallurgical transformations and nonuniform of heat flow during wire-cut electro discharge machining are the reasons for generation of the tensile residual stresses. The residual stresses on the machined surface with different cutting passes in the directions parallel and perpendicular to the wire are shown in Fig. 6 . It indicates that the residual stress in two reciprocal perpendicular directions decreased with increasing cutting pass in generally. For SKD11, the difference of the residual stresses between the directions parallel and perpendicular to the wire in the finish trim cut may be caused by its worse surface topography shown in the above (Fig. 2) . In addition, the residual stress values of S390 are much higher than that of SKD11 in the main cut and three previous trim cuts. This can be explained by the different yield strength of the two materials, which are 2950 MPa for S390 and 1650 MPa for SKD11 (Table 2) . To compare the residual stress state between two materials, the variation in residual stress (Parallel to wire) with respect to the yield strength is represented in Fig. 7 . From the point of review of residual stress respect to the yield strength, the finish cut surface state of S390 is better than that of SKD11. 
Nano-hardness
Because the white layer and heat affected zone existing in the surface and subsurface of the wire-cut electro discharge machined samples, nano-hardness measurements were conducted to get more information of those affected layers with different cutting pass. Fig. 8 shows the depth profiles of the nano-hardness obtained in each specimen of SKD11. In the main cut specimen there is an increase in hardness at the surface, but a decrease in hardness just beneath it, in comparison to the hardness of the bulk material. The larger hardness in the superficial layer is probably due to hardening generated by metallurgical transformations induced by the high temperatures and quenching during the wire-cut electro discharge machined process. Just below that layer the temperatures are not so high, leading to overtempered martensite, of lesser hardness than the tempered martensite of the bulk material. For the first to third trim cut specimens, there is a soften layer about 10-20 m thickness below the surface of each specimen. In the last trim cut specimen there is no obvious variation of hardness from Fig. 8 , thus the affected layer decreased to less than 5 m.
In addition, there are so many carbides in the S390 MICROCLEAN (the volume fraction of primary carbides is about 15 Vol. %) [10, 11] , therefore the nanohardness measurement is hardly conducted. Twenty four indentations were made as 3x8 matrices on each material and the results were presented with standard deviation in Table 4 . Compared with the results of SKD11, the standard deviation of S390 specimen is larger owing to its high carbides contents. 
Conclusions
A comprehensive study on surface integrity evolution from main cut, first trim cut to fourth trim cut in wire-cut electro discharge machining of tool steel S390 and SKD11 has been carried out. Summarizing the present work, the following conclusions can be drawn. The surface defects including craters, micro-cracks, voids and debris of wire-cut electro discharge machined S390 decrease with the undergoing of different cutting passes. The surface roughness, the white layer thickness and residual stress decrease together. Moreover, the S390 have better surface integrity under the same multi-cut condition by wire electrical discharge machining.
